Land surface temperatures (LSTs) within tropical forests contribute to climate variations. However, observational data are very limited in such regions. This study used passive microwave remote sensing data from the Special Sensor Microwave/Imager (SSM/I) and the Special Sensor Microwave Imager Sounder (SSMIS), providing observations under all weather conditions, to investigate the LST over the Amazon and Congo rainforests. The SSM/I and SSMIS data were collected from 1996 to 2012. The morning and afternoon observations from passive microwave remote sensing facilitate the investigation of the interannual changes of LST anomalies on a diurnal basis. As a result of the variability of cloud cover and the corresponding reduction of solar radiation, the afternoon LST anomalies tend to vary more than the morning LST anomalies. The dominant spatial and temporal patterns for interseasonal variations of the LST anomalies over the tropical rainforest were analyzed. The impacts of droughts and El Niños on this LST were also investigated. Differences between early morning and late afternoon LST anomalies were identified by the remote sensing product, with the morning LST anomalies controlled by humidity (according to comparisons with the National Centers for Environmental Prediction (NCEP) reanalysis data).
Introduction
Accurate and reliable observations are essential for characterizing and understanding climate variations and long term change. In situ observations in the tropics are sparse, and their uncertainty tends to be larger than that in the northern hemisphere mid-latitudes. Although several versions of gridded data have been interpolated from in situ meteorological measurements (e.g., [1] ) and made available at a global scale, discrepancies arise amongst these datasets due to their different spatial averaging techniques, treatment of gaps in the data, and the number of stations used by different analyses [2] . Observations over tropical forests are extremely sparse, especially for the time period before the late 1970s [3] . Surface warming in these regions could substantially change the regional and global terrestrial exchange of carbon with the atmosphere [4] [5] [6] . In situ measurements, which represent the surface air temperature at 2 m above the surface, are mostly located over grass or bare ground and differ by as much as 3 to 5 K from the land surface temperature (LST) of a tropical forest canopy [7] . Such large differences could confound accurate detection of changes in LST (which is also referred to as the canopy skin temperature, in the case of rainforests) and subsequently hinder evaluation of global climate models (GCMs) over tropical forests.
The most advanced (and now the most commonly used) LST measurements are those from the Moderate Resolution Imaging Spectroradiometer (MODIS), which resides on each of the NASA Earth Observation System (EOS) satellitesterra and aqua (since 1999 and 2002, resp.). However, MODIS measurements are limited to clear sky conditions and provide few samples over the tropical forests when skies are cloudy and/or rainy [7, 8] . To address this problem, Gao et al. [7] developed an empirical algorithm to provide the forest canopy skin temperature during all weather conditions using the Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E). In addition, about 30-year microwave data have been collected from passive radiometers 2 Advances in Meteorology such as the Scanning Multichannel Microwave Radiometer (SSMR, 1978 (SSMR, to 1987 , the Special Sensor Microwave/Imager (SSM/I, 1987 to present), and the Special Sensor Microwave Imager Sounder (SSMIS, 2003 to present). The LST based on these passive microwave retrievals from different radiometers, if calibrated against each other, could potentially allow us to examine changes of canopy skin temperature in the tropical forests since the late 1970s-the period when the global air temperature increase has become rapid and attributable to anthropogenic forcing [9, 10] .
This work uses the microwave derived all weather LST product to investigate the interannual variability of the canopy skin temperature over tropical forests. The 19 GHz polarized brightness temperatures were collected by F13 SSM/I and F17 SSMIS. The F13 SSM/I was in service from May 1995 to November 2009, while F17 SSMIS has been collecting data from December 2006 to present. We focus on studying LST anomalies from January 1996 to December 2012 over both the Amazon and the Congo basin rainforests. An intersatellite calibration of the 19 GHz polarized brightness temperatures during the overlapping period between F13 SSM/I and F17 SSMIS was conducted to maintain consistency between the two data sources.
The objective of this study is to answer the following questions:
(1) What are the dominant spatial and temporal patterns for interannual variations of canopy skin temperature over tropical rainforests?
(2) How would droughts and El Niños affect the LST over these two regions?
(3) How different are the interannual changes of early morning (6 a.m.) and late afternoon (6 p.m.) LST anomalies? Are these differences physically reasonable?
We concentrate on the Amazon and Congo basins. Section 2 introduces the satellite data and the intercalibration method, as well as the other data sources used in this study; Section 3 shows the results and analyses over the Amazon forest; Section 4 investigates the LST anomalies over the Congo basin forest; and Section 5 summarizes results and draws conclusions. 
Data and Methodology

SSM/I and SSMIS
SSM/I LST over the Tropical Rainforest.
A global land cover map derived from MODIS was used to select the tropical forests over the Amazon basin and Congo basin. The LST for these areas was retrieved using 19.35 GHz polarized brightness temperatures and an algorithm developed by Gao et al. [7] . The general concept of the LST microwave retrieval algorithm lies in the combined use of two equations, as outlined below. The first equation is based on the brightness temperature definition as follows:
where is the LST, ,ℎ is the horizontal brightness temperature, and ℎ is the horizontal emissivity. The value for ℎ can be inferred from the Polarization Ratio (PR), which is defined as PR = ,ℎ / ,V . To establish the empirical ℎ -PR relationship during a training period, ℎ was calculated as the ratio between MODIS LST and SSM/I ,ℎ .
As described in Gao et al. [7] , the quality controlled MODIS LST data during a dry month in July 2002 were selected as the training data. The training domain was the forested area within the entire Amazon basin, from 20 ∘ S to 13
∘ N latitude and 82 ∘ W to 34 ∘ W longitude. Since the empirical relationship is independent of observation time, the same relationship was used for estimating LST both in the morning and in the afternoon. The empirical relationship is shown as Once the ℎ -PR relationship was established, passive microwave based LST could be estimated from = ,ℎ / ℎ .
In the study by Gao et al. [7] , the passive microwave LST was validated using in situ temperature measurements (at the satellite overpass time) from 12 meteorological stations under all weather conditions over the Amazon forests. The correlation coefficient and Root Mean Square Error (RMSE) during the cloudy/rainy days were 0.68 and 1.7 K, respectively. The passive microwave LST during the cloudy/rainy days actually outperformed the remotely sensed LST during the clear days (both from the microwave sensor and from MODIS).
For each day from January 1, 1996, to December 31, 2012, LST values were calculated for the ascending and descending orbits, respectively. To eliminate the nonforested areas in this study, a 1 ∘ × 1 ∘ mask which extracted the rainforests was applied to the SSM/I brightness temperature data. The mask was derived from the MODIS land cover classification map. The daily LSTs were then averaged for each month to smooth out random uncertainties from the daily data. We further calculated the temperature anomalies for each month for both the descending/morning and the ascending/afternoon orbits. In order to focus on variations at seasonal and interannual levels, the monthly anomalies were smoothed using a 3-month moving average.
Rainfall Data from the Global Precipitation Climatology Centre (GPCC).
We used monthly precipitation from the Global Precipitation Climatology Centre (GPCC), at 1 ∘ × 1 ∘ resolution, to assist the analysis. This precipitation data is derived from in situ measurements obtained from rain gauge networks [13] . Figure 1 shows the distribution of rain gauges and the temporal availability within each 1 ∘ × 1 ∘ pixel, from 1996 to 2006 over the two rainforests studied. It appears that the Amazon has more evenly distributed stations than the Congo basin and that most of the gauges have collected data over the entire period studied. A comparison of rainfall datasets by Juarez et al. [14] suggests that GPCC data agree well with the Tropical Rainfall Measurement Mission (TRMM) product over tropical South America. The number of rain gauges over the Congo basin is very limited, and they tend to be concentrated at the edge of the forest. Additionally, most of these instruments only collected data over a short period. Therefore, in the following sections, the comparison of rainfall with the LST anomalies is limited to the Amazon. The GPCC data is also used for calculating the Standard Precipitation Index (SPI [15] ) to investigate the relationship between LST anomalies and drought in Section 3. Recommended by the World Meteorological Organization as a standard to characterize meteorological droughts [16] , SPI is a probability index that has been used in many studies for abnormal wetness and dryness conditions [15, [17] [18] [19] [20] .
Data from the National Center for Environmental Prediction (NCEP) Reanalysis.
Monthly surface air temperature and specific humidity data from the National Center for Environmental Prediction (NCEP) reanalysis [21] from 1996 to 2012 were employed for analyzing their linkage to the remotely sensed LST anomalies over the Amazon rainforests in the next section. Figure 2 (a) indicates a good agreement between the remotely sensed morning LST anomalies and the NCEP surface air temperature, but this is not the case in the afternoon. This is because the LST anomalies from remote sensing physically represent the canopy skin temperature-which is more influenced by nighttime longwave radiation and thus has a stronger connection to the humidity and temperature of the overlying atmosphere and cloud base [22] . In contrast, the afternoon LST anomalies tend to be higher than the air temperature when it is warm and lower than the air temperature when it is cold. Figure 2(b) shows that the LST anomalies have a negative correlation with SPI, with correlation coefficients of −0.73 and −0.36, for the afternoon and morning data, respectively. The higher correlation of LST anomalies with SPI in the afternoon is as expected, because the daytime clouds associated with rainfall reduce surface solar flux and a larger fraction of solar heating goes into latent fluxes (e.g., [23] ). 
Results over the Amazon Tropical Rainforests
Time Series of the LST Anomalies Interannual Variations.
Spatial Patterns of Interannual Variation by Season.
It is difficult to obtain reliable spatial patterns of LST anomaly change with the sparse in situ measurements in the Amazon rainforests. In contrast, spaceborne remote sensing regularly provides spatially homogeneous measurements that are only limited by the length of their time series in determining the spatial patterns of the interannual changes of LST (and their relation to changes of rainfall). In this section, we examine the spatial patterns of interannual rainfall anomalies in the four different seasons (MAM, JJA, SON, and DJF) during the morning and afternoon separately.
The spatial patterns of the LST anomaly standard deviation are shown in Figures 4 and 5 for the morning and afternoon, respectively. In both morning and afternoon, variations of LST anomalies during the dry season (JJA) are smaller than those during the wet season (DJF). Furthermore, these variations are smallest at locations farthest from the equator, mainly because of the decreased variability of the rainfall. Variations are larger in the afternoon than in the morning, due to the greater variability of incident solar radiation.
The Empirical Orthogonal Function (EOF) is a statistical tool for identifying the dominant patterns of the correlated structure in the data of interest. Thus, it is widely used to objectively characterize the dominant spatial and temporal patterns of climate variability [26] . seasons. Such a seasonal dependence of LST variation is associated with a stronger influence of El Niño on rainfall and cloudiness (e.g., [8] ). The relationship between morning and afternoon LST anomalies can be used to infer their causes. For example, humid and rainy conditions would reduce longwave cooling and increase morning LST anomalies but will also increase evapotranspiration and thus reduce afternoon LST anomalies. Therefore, we would expect a negative correlation between the morning and afternoon LST anomalies. On the other hand, cold front incursions during the dry season could reduce both morning and afternoon LST [27, 28] , leading to a positive correlation. Table 1 shows the correlations of the EOF1 spatial patterns by season among three data sources: morning LST anomalies, afternoon LST anomalies, and rainfall anomalies.
Results over the Congo Basin Rainforest
The rainforests of Africa are mostly found in the Congo River basin on the Atlantic side of the continent. Thus we choose the domain of 10 ∘ E, −5 ∘ S to 30 ∘ E, 5 ∘ S for this study. Figure 7 shows that there is a clear relationship between the domain averaged LST anomalies at 6:30 p.m. and the 6-month SPI over the Congo basin during the wet season. This negative correlation is reasonable because LST anomalies are more influenced by the cloud solar effect in daytime during the wet season.
The spatial patterns of the LST anomaly interannual variations for different seasons are shown in Figures 8 and 9 . This variation is less during the rainy season (usually November to March) and larger during the dry season (usually April to October). This is presumably due to a greater sensitivity of the LST anomalies to changes of atmospheric humidity, cloudiness, and rainfall when the atmosphere and soil are less saturated. The variation is larger at sunset (afternoon) than at sunrise (morning), in agreement with observations of the diurnal cycle of temperature over the region [29] . Figure 10 shows the first EOF of SSM/I LST anomalies at 6:30 a.m. over the Congo basin. Its patterns are dominated by a north-south gradient in MAM and DJF. These patterns are directly related to the patterns of African monsoon rainfall variability. For instance, in JJA (boreal summer) the negative EOF values propagate from west to east with attenuation, which is consistent (in trend) with the extension of the precipitation zone from the east Atlantic. In DJF (austral summer), the EOF is clearly layered from north to south-with the precipitation zone occurring over the southern part of the continent, centered around 10 ∘ S latitude [30] . The JJA EOF pattern resembles the southwesterly gradient of the August rainfall in the domain of 10 ∘ E, −5 ∘ S to 20 ∘ E, 5 ∘ S [31] . The correlation coefficients between morning EOF and afternoon EOF are 0.29, 0.58, 0.15, and 0.49 for MAM, JJA, SON, and DJF, respectively (notice that they are better correlated when there is little rain (JJA) or near constant rain (DJF)). Low correlations are seen during the rainy seasons (MAM and SON) because of the higher soil moisture (and thus lower sensitivity of the afternoon LST anomalies to rainfall).
Summary and Conclusions
Interannual variations of LST anomalies over the tropical rainforests are correlated with variations of SST (e.g., El Niño), with the LST anomalies lag Niño 3.4 by 3-4 months. Of the two tropical forests considered, the Amazon forest is more sensitive to such SST variations than the Congo. Drought, as a consequence of soil moisture deficiency, causes an increase in LST anomalies by reducing the latent heat flux (i.e., evapotranspiration). The stronger drought in 1998 had a much greater impact on LST anomalies than the weaker one in 2005. This result is consistent with the greater drought stress and the increase in fire events seen in 1998 versus 2005 [32] . A previous study has suggested that a dry rainfall anomaly in the western Congo is associated with El Niño, although the influence of it is complicated by the effects of the tropical Atlantic and Indian Ocean SST anomaly [33] .
The morning and afternoon observations from SSM/I and SSMIS facilitate the investigation of the interannual changes of LST anomalies on a diurnal basis. In general, the afternoon LST anomalies tend to vary more than the morning LST anomalies. A comparison with NCEP datasets indicates that the differences between the morning and afternoon remotely sensed temperatures are physically reasonable. The morning LST seems to be controlled by humidity, and it is close to the surface air temperature from NCEP reanalysis. For both tropical rainforests, the spatial patterns of the morning and afternoon LST anomalies were examined in terms of the standard deviations and EOFs. Change of LST anomalies in the Amazon shows a strong spatial variation, with the largest deltas (of LST anomalies) occurring in the central Amazon. In contrast, changes of LST anomalies in the Congo are more spatially uniform. Variability in both the Amazon and the Congo basins is most pronounced during the wet season-and in the afternoon. This is clearly a result of the variability of cloudiness and its reduction of solar radiation. The first EOF mode explains much of the variance in most of the cases. The LST anomaly spatial patterns during the transitional seasons tend to be less organized than those during the wet and dry seasons.
In conclusion, the SSM/I derived LST product over the tropical forests offers a unique data source for studying land atmosphere interactions. Its analysis shows the differences and similarities between morning and afternoon LST and reveals their physical linkages to SST, solar radiation, precipitation, and humidity. This study contributes to our understanding of the linkage between climate extremes (e.g., drought) and canopy surface temperature. The comparisons between the morning and the afternoon LST anomalies offer a new perspective on landatmospheric interactions. Since most tropical rainforests suffer from a lack of observational data, this passive microwave based LST dataset can be used for improving estimates from GCMs and hydrological models.
